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IGdi:ition  1 ;valuation  of an Adv:inc(’d 64Mb 3.3V l)RAM
and

insights into the Iiffccts  of S(:aling on Radiation } lardncxs

l), (:, Shaw,  G,M. S\vifL,  an(i A  }1, .loh]]s(()]]

.lct l’rt)pulsion 1 ,ahorali  )ry

(hlifomi:l lnstilLllc of’ ‘Technology

l’mt(lct]n.  CA 9 I 1 09-8(  )99

ABSI  KA[”[’ -- Ii) this pipct, 1()[:11 ionizing dose radi;ltion  cval Ll-

a(ions  of” tbc h4icrt)l~ 64 hlb 3.3 V, 1’:1s( ]ulgc  mode IJ1{AM aIKl

t h e  111N4 I /LJNA-I  N 16 h4h I)l{AM :IK pl’CWltCd. ‘1’hc Cf’~CC(S

01”  scdling 011 Iotdl ioni7ing dose rdiolion hHrd I)css :Irc  studied

utili?ing lCS1 slILIclu I”es [III(I  :1 series  01 16 Mb l)l{Ah4s w i t h

difl’crcnl f’cliturc  si~cs fronl [he sdmc tll:ltl~li’:lc[~]tit]g  Iitm.  ~ICIE

Lml agt-cclllcn[  wds found bctwccn (he threshold vol(a:r shifts

Of  I () Mh I)I<AM tCSi S(I’lIC(lII’CS  :lll(i ttlc (hK.Shold  V()](:l&  1)1  C[l-

surc(l on cotnplclr citeuils using rctcn(ion t i m e  tl)c:Is  Lltct)lcl)ts,

Relcn(iot) Iil))c  nlc;wurci))cnl  d/It: I i’rol)l  e a r l y  rxlialiol) d o s e s

ate s h o w n  th:It :Illow in(crnnl fai lure tno(lcs to k dis(ing  Llishcd,

]. IN I’1<01)(1[’I  ION

Adv:Inccs in 1 )l{Ah4 (lcnsi(y and  pcIl~)Imancc  c o n t i n u e  I()

occur.  (’utrccn(ly,  (lcnsi(ics 0 1 ”  I Gb a r c  b e i n g  :lchic\d in tK-

\,: IIIccd  pIototypc” 1 )l<Ah4s  I 1-21, l)csi:n Irulcs for these ;KL

v:lnccd  l)l{Ah4s arc (),25 ptl] 01 Icss \vith submicron cell areas.

As dcvicc gcotuct I-y shrinks, powcl supp ly  \wllagc IIlllsl bc

reduced  :IIId I)cw’ circuit design  apprmchcs nlmsl b e  u s e d  in

(ndcr 10 maxil~li~c  pcrk)rt))dncc b e n e f i t s  from scaling. ‘1’hcsc

cbdllgcs affcrl Ibc  Irddid[ion  b:lrdncss 0 {  Ibcsc  ciwuils with

complex  c f l ’ee ls  11):11 are oi’let] diil’icul( 10 prcdicl from basic

responses of h40S tr:lnsis(t)rs.

(Jnlikc convcn(ion:ll  C~h4[)S citcui(s,  l) RAh4s  at-c very scJ~-

sili\/c 1 0  sm;ill chdngcs  in lhrcshol(l \/oltngc, making Ibcl]l in-

Iwrcn[ly lnorc scllsi[ivc 10 iot~i~in: r:diation. IIowcvci., t h e

rcduccd  oxide lhickness of nc\lfcr gcncrdliot~  dcviccs  bas in-
prt)vcd  Ilwir r;l(ii:ttioll l): Irdncss, : III(I l> I<AMs continue to g:tin

ncccp[;  incc  lot crilic;ll sp; icc lliy, b( applications, Gssini, Mars

l’;l(hfinder, (’lcll~cl~(inc,  h4;ws (il(iml SIIr\cyoI, and 1’Iu(o  Ilx-

pl’css :II”L: Cx;lmplcs  of space pl”o;ccts  tb:lt llscd, :11’c Llsing,  or :11’c

exploring the usc of’ larg~  1 )I<AM armys. ] )RAM S {(IC f’KX]LIClltty

usd in solid shlc rcc(wdcts  (SS1{s )  wbctc ltIrgc  :IIIIOLIIIIS  (> 1

{ib) o f  I))inil))u[l)  powct- II) CIIIOry ;II-C  rcquiml,  1J1{Ah4s ]nay

also  be sui(:lble for ct)]n]m(cr ]ndit] memory  as  cvidcnccd by

thcil’ sclcc[ion ik~r h4am ]’alhfindcr’s f[igi][ coIIIpLItcr.  1)1{Ah4s

drc also  useful  lcsl vcbicles I’01 t h e  cvul Llalion  o f  rdidti  o!) ci-

i’ccts in sc:llcd  N40S dc\iccs bccdusc  [Ilcy lcwi the.  industry in

device scdling and dcmsily.

T h e  \vorL dcsr!  ilwd in Ibis p:)lm \\ws cwricd out I,y (IK Jet l’lt~pulsion
l.nl)[wll{~l),, Culilmni; l Ins[ilulc (II’ “1’ccl]nc)l(Jgy, utldcI con(I;lcl wilt]  (lIc
N:IIIC,IIIII Acit)ll;l\l[ics[ltl(l  Sl>:lcc  A(lll]itli\t[ ;!li(j!l Coclc<)Wr.  wolk flll)dCd by

Ihc NASA Micloclmlmics Spcc  I{dia(ion Iit’1’cck PI(l:I:IIII  (MSRIO’).

111 rdrlicr work \4c sl)owul thot  rclcntion lime w:is  a usclul

circuit- l{vcl dia~,noslic  pratnctcr 10 cvt(ludte  total dose dcgr:i-

dntion (Ji” l)l{Ah4s [3]. RCSU1(S  of (he earl ier work showd that

thcw wos no clear r~’l:ltionship bc(wccn  dcvicc scdling and rti-

dial ion IL)lcr:ince  fw 1 )1<Ah4s with (),5 (o (),8 pm feature sizes.

Ibis wa\ probably duc  to diftkrcnccs  in design, such as the usc

01’ multi divided array  struclurcs, which affect the internal de-

sign lolci:inec 10I” cbat)sc\ in lhrcsbold voll:igc of internal tr:lm

sisters, ds well m difl’cm.tlccs  in field oxides. }Iowcver, there i’s

a gICIICI:Il  trcn(l tow:ll ds lower tot:ll i o n i z i n g  d o s e  tolcrancc  1O1-

dcviccs  with rc(l LIccd s u p p l y  \’oltdgcs, w h i c h  i s  impottant  not

OII[y fot convcnliotml”  Iola[  d o s e  e f f e c t s ,  bLll :Ilso for t)licrodosc

crIOIs 10 individual crlli f’roll)  single intcmctions  of heavy ions

[4-61.  ]1, thC ]lrCSCl)t  \v(Il  k wc dCVClo]l  ttlC llSL’ Of DRAN4  lCtC()-

tion tin][ ds a di:lg,nostic  to[~l dnd Ilsc it 10 build a rcl:ltionship

bctwcct] l) RAM CCII  Icslmnse  and radiation dalnagc.

11, ] ikl’1 I{ ILII{N’I’AI.  AI’I’K)A[’}1

All dcviccs  wr]c irl diatcd wi(b a Shcpbcrd  model  81-24

“{)(k) rool)l type imdidtot, dt 1 ()-65 rd(Si)/s [d r(mm  Icmpcra(urc.

SoLItcc cnlibra(ion \vas (lone  L]sing a Ml)]] lt]dus(rics ion chan-

bcr. ]ilcdt”ic;ll ]llc:isL]l”~>tll,t~ts (~n 1>1<Ah4 circuits were performed

wi th  an Al) VANrl’l X-l’ ‘1’3342 VI .S1 test systcm.  ‘Ikst  S(l’UC-

lUI”CS WCI’C mcasLIr L’d wi[[] ;] ]]c\$Jlctl-]’:ick:it’(l 4062(: pmimct-

ric Inc:liurcl))cllt Syslcl[l.  Rc[ention ti]nc 111 Cd\ UIClllC1lt S W’C~C

nladc by writing to a sp~~if’ic  m e m o r y  ccl] Ioc[[tion, ” waiting  for

a spccii’iL’  time bcfo]c rcfI L’shing,  ancl then dc(crminin.  g w~hcthcr

da[~i st(~l cd in (Il}tt I[)ca(iotl \vas st i l l  valid, A  s e t - i t s  of mc:i-

SIII”CII)CI)[S  WCle  ll)dC ill olLICl  (() dc(cl’ll)il)C  thC Ill<lxilllllll)  til))C

dclny b((wccn  tbc vui(c :In(l  Iclrcsb c y c l e  for C(ICII  l o c a t i o n .

I’his mc;lsurcmcnt is \cIy lilne cmsuming, particul:w]y forurlir-

radiatcd (ic\~iccs, which (Jltcn have lnaxinlum rcfrcsb delays  of

more  ttl:ln I ()() sca)nds,  I .css time is required for irradiated

dcviccs  hcc:lusc  Ihc  I cl’lcsh  it)tcrv;ll dccIc:Iscs  w i t h  rtLdiatiot},

I’hc rcs{Il( of’ lhcsc tnc;I\LIIcII)cIlh  i s  a distt-ihLl(ion of rctcn[ion

[it))cs i_OI all mcasLIrcd ctlls. ‘Ihcsc atc dislt-ibu(iot~s,  n o t  sii):lc

va]ucs,  j ~l-ilnatily  bccdu\c of cell-tc)-cell valia(ions in thtcslmld

voltage f rom lluctu:i[ion\ itl Ihc  t~umbc]  :in(l spat ia l  distribu-

tion of (Iopdnt  a(oms  [7. Xl.

I)yt!iimic bi;is  w:is  n~aintaincd  on all l)RAMs during iml-

diation. l)ynamic bids a p p l i e s  a  clock signal pcri(dically Ic-

ircsl)inr cdch cell loc:[tion.”  }Iowcvcl-, the lime required for rc-

Ircst]  is \cIy sborl coIIIII:IrcCi  to the interval  bc(wccn sLlcccssivc

rcft-csh  (yclcs s o  t h a t  il)divid Llal  access  (rdnsislors  a r c  cssclI-

tinlly biiiscd s[atic:ll]y.  lnsi(u mcasurctnen(s  were  m a d e  o f
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St:ll)dby  Sll[lj)ty  CIIl”l”Cllf,  (l~K’1’;lfill~ SllJ@~ CUI’I”CI1[,  011(1)11(  dl”i VC

currcl)(, ond  Iunclif)n:llity :11 sclcctd l i m e  itjlcr\’;lls. [hmplcle

mc:wurcmcnls ofclcclrirul pcldt)rmoncc,  i n c l u d i n g  spccinl lm:l -

sure Inr I)ls oi” e;Ich c e l l ’ s  I))inin)uln d;Il:I  rctcnlion  t i m e ,  w e r e

pcli’olmcd al Sclcctc(l (Ioscs,

Him 011 the access lr:ltlsislc)r in tmrlmil o})cration can be

dcduccd  f’rotn  l;igurc 1, IIccamsc  bolt] [he rdcrcncc plate of tbc

c;tpdcilor ad Illc bit line (wbicll connects  10 a sense amp) arc

held [It hilll’ v,,,, ond lhc gii[c is off’,  i .e .  ( )  V ,  maxi mllm bids

a c r o s s  t h e  gNlc (JCCUIS when [he c:l}mci(or stores +V(l,l. Note

(Iml Ihc ditcc(ion 01” the electric i’icld drives lmppcd boles  a~twy

I’ruin lbc Si-Si07 inlcrl’xe wbicb ruluccs the I’raction  d’ Irappcd

boles, ‘Iksl s(ruclut-cs  were’ itlrdinlcd under slutic bias, using

sc~’cr~]l diJ’1’c]cnl hi:is  con(iitions”  in o r d e r  [() coIIlpiIrc 10121  d o s e

d:lnldgc in II)csc I)i:hly scolc[l dcviccs will] cxis[ing data on

dcviccs  wi[b llIlgcr fcdlurc size.

Scvcr:Il  hig,h dens i ty  I)l<Ah4s and a l) RATvI test struc(urc

were used liM (his  \v(Nk, q’lw  Mictot] 16 h4b, 5 V/3.6 V l)l<AM

is at) cx:IInplc ot’ ii Iu:iturc I () h4b dc.virc  wh ich  has  evo lved

ll-om  c;irlicl prt)ccss  lnodii’icali~)ns, ‘1’his dcvicc.  requires d 5 V

CXICII1:II  p o w e r  supply bill (Iscs all o n - c h i p  l“C~Ul:ltol”  10 IUIIILX

[be mcI))ory array supply voll;  Igc 103 .6  V.  11 is coni’ig,urrd ;is a

4 h4-:ddl ,’ss by 4-bit l~]ct]]ory  away and uscs ().(,7 pln design

ru les .  A lso  (cs(cd for (his w(wk w;ts o m(wc wlvanccd produc[,

the N4icr(jn  (~-l h4b, 3.3 V, I’as[ pap.c m(dc l)I<AM configured as

a I () h4-:l(idt-c.ss by 4-bi( array. 1( is Iitb]ic:ltul using ().37 pm

dcsi~n  rLllcs at)(l 1);1s  ~tn I I Inn occcss transistor P,:(1c oxide thick-

I)CSSI SOIIK”  coution  s h o u l d  bc used in

l)l<AM d:lta  twcausc  it wns tcs(cd  c;lrly

‘I}lhlc  I. I)csrt  iplion  [JI “1’csl l)cviws
ACCC\\
I )cviu.

Mvicc ‘l~pL. yol  I :Ig( !)irllclljiolls

4hlt>l)l{Ahl 5.OV -/().75
l(lht[~’lti\[sllllCl(l!L.\ ~,(l\~4 ().8() 1/[)(  )75
l(,hll>l)l<Ah4 3,0V,I (1 M1’1/(1.(175
l(,L4t>l)l{AM 3.3\J 078/()()!
6-lhll~ l)l{Ah4 3 3V 04/0 37
Iohll)l llhtl, tlll;l.l:s 30v~

intcrpr;:ting the 04 I14b

in its product cycle  :ind

Llll!” !(JX !Q~
/(),,,,,

NIA ]51)111 34(11)111

I 01 1511111 34011111

().x? 15[1111 3.1(111111
()()5() J 1!11)1 2401111)

~(1[,,,:  ~i:lll’ IOX i\ fol  i )RAM II ICI IIIUY  WI] X’L’L>SS  dL\riC’L..S,  * ] )Lt),)tlS CA ICII):  II

supply  Vol(:ly’ (I f’5. ()\~. ]):  I\i Ic\(l LII(Il(.  W] ICI’L. int’()[lll:lli()n  u,il~ 11(1[  :Ii,ail;ll)lc.

is J1]OI-C  01’:1 working prx~[otypc  (h:m a production device, Also

t e s t e d  wo\ the IIIM l, UN A-I{S 16 MhI)RAM wbicb, likcthc

Micron 16Mbl)I<AM, Llsc's:(  5V/3.6V cxtert~:ll/i]ltcrtl:ll ]cgL]-

Ititcd  vol~;lge  arrany,cmcl)[  and is coni’igurcd as a4 M - a d d r e s s

b y  4-bil Incmory oll:iy, ‘1’hc tcs( s(ruc(urcs  usd fortbis work

were Mi[mn pr(Kcss  COIIIIO1 monitow l’roIN the 16 Mb 5 V/3.()

V l)l<Akl p rocess .  ‘J’l~t)w test S(IWC(UI’CS  at-c set up with all

~alcs  tic(l (0 n single ]):lukap,c pin. I’tlcsotlrcc,clr:till, andtbc

t>()cly cc)ll[:lcts  tilcc{)lll[]](Jl] t()zllll ]]c:lsLlrccl(  lc\'iccs. ‘Ik)acccssa

parlicul:lr transislo], only t})c  (Irain c o n t a c t  n e e d  be cbangc(i,

oncc(i]c  oti)crc  ot]t:lctsi l;l\ci)cc  t)” mxic. N-cbnnDel  transistors

USC([  01) (Ilcsctcs( S([’llctlll”cs zf[crcl)tcYscr] l:ili\’c(l (ttlctll{jry cdl

xccss  d~\’ices  w,ili)  tt)c WI IIIC ~comclt”y,  (icsign rules, an(i  oxi[ic

tllickt)cs\cs oi’ti)c 5  V/3.6 V  L4icrot~. l)l<AhIs. A(iditionai it]-

f’orma(i(m f’orthc dcvict’\  and  test vchiclcs used lort  his w o r k

:Irc incilltic(i in ‘l~ibic  1. ‘Ilc h4icrot] 4 h4b l) RAM whicil ha(i

b e e n  pr~viously Ic.slml  13] is inciu(icd an(i  aliows s c a l i n g

Colllp:lrisons acloss (i~rcc  I’u ii gcnct-dtiotls 01’ lilt s a m e

IIIiIrlLI1’:IcLIJIcr’s (icvices.  h’()(c tba[ the lbickncsses  of’ boll) t b c

gntc  an(i fici(i oxi(ics atr rc(iucc(i  a s  t h e y  are scaic(i to smailer

dilncnsi(~ns,

]Ii. ]: XI’l.l<lhlI.  NIAl,  ]{l;S(ll’l’S

‘I’}]( hficrx~ll  64 h4tl 3.3 V  l) RAM wm im(iinte(i a t  1 0

rad(Si)/s wbilc dyn;llnic:iiiy biasui. in-sitll Illcasllrclncl]ts 01”

ciynami{  supply currrn[, st:[t~(ii>y supply currcnl, inpl]l lcalwgc

curwtl( Iligll, and lutw(i(ltl:llily with crrx)r count  wcrr taken  using

a  Iolkx,l cai>ic that  :ill(~wcd  f’ull  lest capatri}i(ic sat t}mcicvicc

Ul)dcl  tc\t.

‘I’IIIc ic)scI-esIIOIIsc  oi’sI:III(li>y”  SLIpply  CLIIICIIt  lortl Micron

6 4  Mtr, 3.3 Vcic\’icc issi](~\\t]i  t] I;igLlrc2. Tilcst:\t~ciby  ctlr]ct]t

sl;]rlcci  out at about  50011A” and incrcasc(ioniy s]igi]tiy at ]c\rcls

11:-2

[~”
,-TTT ,->  , , r r r , -, rT,—r,—rrrTm–,-

/

[Iunctioni+l I+tilurcl

64\ll)  (33}’)

—+

o s 10 15 20 25 30 35

I)OSC, krad(Si)

Rcsponsr ot’ s[undhy suppiy curwn(  fol-  (IIC Micron  64h4b
No[c(t]c  stl:lt[~itlrl c:lscill s[l]>l>ly c[]t-lclj!~ll[cr  15kl-ad(Si),
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scrvd  in t h e  rclen(ion t i m e  ICSUIIS, which continue I ( )  change

in a sm(w[h, ptdicldblc way  well bc.yotd the 17 kmd(Si) tram

silion poii)(forpo\vct slll~l]lycllll”ct]t.  ‘I’tlis  sllow,sttl:ll Iklargc

incrwsc in SIIIIIIljJ  CLIIICIIt  C: III not bcc:(Llscd  [)ycll:lllgcs it)lc:ik-

age ill lhc C1’itic:l]  l)lcmot”y  UCII l e g i o n s ,  but must  bc dllc 10

chalIgc\  in otllctlc giol)sof’t  l)cclc\i cc, sLIcll  as  Ibc inputlou[pu(

~). /’1

M10- ) / 7

()+”+-’ 1’’’ 1’” l-”

/-4 cilc[lilrj or substralc bi[ls xcnctatot. T h i s  cx:ltll[)lc-ill Ltslt-/ilcs

() 100 200 300 4(M)

‘]hlE? silKT  ] :l$t ]/Cfdl (>C]C  (SCColMk)

]Jigulc 3, l{c[cl~li(~l~ Iil]w  11:11:1  t’(~1 lIIL>  hlicr(m  (divlh I) RAM
Illc l;llgcclliIllgcs in rclcl](i(]tl[il]lciil  loand 1 5  kl;ld(Si).

7

5(K)

Note

b e l o w  15 kr;ld(Si).  Above 15 kd(Si), it it~crcascd lilpidly[o
abolll d IIIA by 1° krd(,si) aI)(i  did II()!  incl”cd\c  ful[h cl” :11 highcl’

rwlia(ion  Icvc]s,  ‘I’l)is tlii’l’ctsi’rol)) con\ention:ll d: I[afor MOS

ciI-L’Llils lhal i’iii 11011)  I’icld  oxi(lc inversion which exhibit  n s(ca(iy

incrcaw in supply curtrnl HI lc\clso  lr:l(litltio]);  lt)()\’ctl)  cJl()it)t”

w h e r e  i n v e r s i o n  occurs 191. ‘I’his(lcvicc conlin Llcd (()()  pcIdlcal

hi:hcr Icvcts of ’r dialion”  witholl( significnnl furlbcr c u r r e n t

incrmscs until it fililcd Iundion;illy Nt 30 ktd(Si).  A  s e c o n d

salnp]c  bchdvcd  sitnil ally, but  I:lilcd f’unclion:llly  o n l y  a  l’cw

krad(Si)  dl’[cr  lhc mpid cLIrIrtIt incrcasc.

[~~)lll]>~iritlgligtllcs2 :11)[ 13, il isclcilr(bal lhcpowcr sup

p l y  circui[ ;lnd cell Icok; l:c bch:ivc in difl’cmnl w a y s  during,

irr:di:lt i[~n. ‘Illc abrupt Slcp in Sllpp]y Curlclll OCCU1’S al ap

ptt)xilndlcly 17 kmd(Si), bu( no binl ofs LIcb a Cb:IIIgC  i s  o t 3 -

‘1 ~~llg\llL’  3 sll(,w,s  [11;11 (Ilc  sl(,pcol(l)c  Ic.lc[)liot]li  ll]cclccrc:lscs will)

inctcasillg  lCVCIS  of’  radi;  l[iol],  A s  (IIC mlia(ion  lc\Icl  incrcascs,  (I)c

rclcnlioll  l i m e  i s  (Iol))ilu(cd by xIOINII chdl]gcs  in (II Ic51101(I  wl[dgl L-

(Iuc 10  rxli:llion,  ;Ind  slnlislicol (Iill”ilcl]ccs  in lhrcshold volldgc ofitl-

(Iividudl  IIomsislom ll;l\Jc }Csslclillilcc ll’cc[olt Iclcnli{llllinlc, Iiv;llw

:I[ion (II tc[cn[i(m lime cuI\Jcs  101 dilk’lcnl [Aidli(m lc\Jcls  shows [hat

(hc disllik(i(m <)t’(hrc+old \’ol(ap,c vtlri:llions is csscnlio}ly  utwl)mgc(l

hy rddi;  [lion.

onc wa)  in whictl rc(rntion (ilnc caI) bc LIscd to g:(in inci-casc(l

Llt)(lcts[;ltlclil)g 01” rcIsj K)II\e  l))cch:(nisms  {or 1) I< Ah4s.  l,a(cr in

the Imp’r, lbc rcld(ionsllil) bc{wccn  dcvicc mlcntion lime dis[ti-

bulion :It]d (]IC sub[l)tcsbc)ld  response of’ test SIIWCIUICS will bc

Cxplo]’c<i

]’t’ciious work 131 Imintcd out lhat I)RAMs e x h i b i t  I W O

cl:wscs  t~f’supply  cunc]ll dcgmlnlion. in the first claw Ofdcg-
Id;lliotl a rapid inclct[sc  in sLIpply CUt-ICIl[ Occ LIIs il)llowcd b y

fullction,li I’iiilurc. 1;igul~4, ~~llicl~colll]>ilrcst}]e stdndby  cL]l-

]cnt rcslwtlscsol thr \alit)us Micmtl devices,  shows  both  types

Ofcull’cil( dcgrada(i{~n.  “1’his first Cl;lss of cui-rent degl;idation
ishclic\~4 lo bcfieldoxidc invcl’siot~  :Iccollll[i  rlgfoltllccxccs-”

si\Jc  cunctlt. ‘1’hc  futic(i~~nz~l plateau of tbc 64 Mb dnta at the

high tot:ll dose lc\Icls  is n[)l  totally consistent bccausc  field leak-

age should  wnlinuc to inclcmc with dose,  not  lc\~el off. Thus,

the intcil)al l]lccl~:itlisl~  }l’(jrtl~c64 Mbdcvice mnybcdifleta[.

Il{ho-rrlllr, rr, l,  IIIT,,T,TT,,

1 Nf(’1 WI 4\ll(5vsl;ul(LIld) 1

0 10 20 30 40 50

IklS1’,klii(l(Si)

I;igu]cfl SLll)j)ly L, LIIICIIl:l\:I l~lr]c[iotlo  l’clll))~lllili\, cclosc f’(trscvcr:ll

hlicr(m h i g h  dcnsi[y  I> RAMs.  “Iivodillcring (laIII:Igc mcclmnisms
arc clcdl a rdpid ilm~.:lw  :111(1  a Inorc ~uldudl (Inc, col-lcspon  ding (0
fickloxi(lc  lcnk;Igc t~l](lgtitc ohi{lclc 2\k:lSc,rc  spccti\cly.

‘1’bc xmmd ly}r (d cum:n[ dc:t:ldnlior~, a  more  gmlua]
ill C1’C:lSC  W i t h  lot;l! doSC, is sIIOWl) it) ];lglllc 4 fOI’  ttlC shrLlnk

hfiicmn 16 Mb dcvicc. As is typical for dc\iccs exh ib i t ing

prddutll lurl’et)t illcrc:[sc\, f’unclional failut-e OCCLIrrUl  :11 a

SUbSt:lll(iillly  h i g h e r  total (iosc. ‘1’his  l))orc gr:l(lu:ll dcgm(latiot)

i\ bel ie\’cd (0 bc cuLIsc(i  by subthrcshold l e a k a g e  i n c t - c a s e s  in

t h e  acccs\  dc\Jices  {Iftl)c.  IIICIIK)Iy  cc sII ;tcst Stlllctulelcst d a t a ,

discus sc(l in a I:ltcl” scc[i{)n, col”rohola(es t h i s  a s s u m p t i o n ) ,



()1,, !’ = /)/2 v/2 - /)llv’Jl
II

( 1 )

Wbci”c II and 12 :11’c’ lhc sub(hrl?sbold  C(II’I’L’l)IS at t\vo dose Icvcls,

/)/, :111[1 /)/7 :Il”c’ lI)C SIIMI)I”C’SIK)l(I  sk)pcs, HI)(I V,l , ;ln(i V,lj illc (I)C
(hl’csllol(l \’oll:lg,Cs.

III lbc d e e p  sublbrcsbold rl’gi[~n, the currcnl is so low th:i(

cbonxcs  ill subtllrcsbold slope lmvc  only 8 slip,ht cffccl on (I]c 1-

\l ctl;ll:lclelistics,  and  the sLIblllrcsbold s l o p e  i s  domina(e(l  b y

A V<,,  . Wilb ibis :wsulnp(ion,  ct):lnge.s  in current occur l)CC:ILISC

o f  chdngcs  in V ,,,. [~ll;lllgcs in tllc rctrl)lion titl)c C; III  tlICII bc

rcl:l[c(l (() 10(:11  dose using the 1 2 (Icpcn(lcncc Cxpcclc(l  1’01”  gale,),
oxide sbiils [ 1 ()). With Ibc  additional assumption Ihat  rc(cntion

lilnc i s  I>lo]>ol-liollill  10 lhc rcci]woc:il 01’ sllblllmshold current,

Ibcsc rrlil(ionsbips cdlI  bc colllbincd to yicl(l lklu:ttion 2 :

()Ill -T’ = (30X10” 4 )lox’/)/l]/)
~?

( 2 )

W’l)rl”l>: T, ;111(1  ‘T: J]l”c 11)1’ iniliill ill)(l posl-t’il(l  rc(cn(ion Iimcs,

II is ltw  hole  lr:lpping cfficicncy, 1) is the dose in krad(Si), and

I(,X is CXIWCSSN1  in Ill]),

“1’his tclaliomsbip bolLs for c:]cb  p a s s  tr;lnsistor in Ihc

illclnoty :tmy. IIcf[)rc irradi:ition lbcrc is a distribution of rc -

lcn[ion lims [11:11 occum  Imc:)msc o f  il]ilial Ihrcsbo]d vollagcs
v:lriations.  Af’(Lsr itr:ldi:ltion t h i s  distribution is  still pmscnt,

but i{ is s~ll}~’tittll>t)sl’[1 OJ) Ilw clmngc i]] IbrL~sb(Ild volI:Lgc.  A s

discwsst’d  bclc~w, (mcc A  V , ) ,  bccomcs  ll)llCb h’~Cl’ Ibatl t h e

diflkrcnccs in Il}c inilidl dislrit)ulion o f ”  Il)rcsbo](l  \Iollagcs,  (be

ci’k[ oi” tlwsc fluc(udliotls ( m  rclcntiol) t i m e  i s  rc(lud. Ibis

c a u s e s  [be slope of” IIw rt~lcn  lion time disl]ibul  ion 10 iwrcasc

:Iflct irrddi alien.
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Kclclilio]l ‘1’imc, SccoIId\

I )RAM amy. ‘1’bc initial dis(l  ibution of’ retention times in I;ig-

lIJ’C ~ COJ l’C.SIXWk 10 :1 Sl;l Jd;lJ’d dCVi:l[ioJl  O f  :ll)]M’OXill MtC]y  8

JIIV  in tbI csbold vollayc.  If’ W C. assLIJnc  lhdl tbc nominal  tbrcsk

old volta{Ic  is (),7 V, ibis c(mrt’sp[mds  10 a tbrcshold fluctufltion

of” 7 mV f’or tbc dis([ibuli~~tl  of’ devices on [hc  entire chip, using

]kjlJd(iolJ  ] and [l~~lll)lil)~ Ib:l[ :111 (] CViCCX  b:lvc !tlC s a m e  SIJb

[hrlcshol(l  slope  (slighl (Iif’l”ctc[]ccs  iJl slope  will have little effcc(

in the lol! cLJ~rcJlt  wgi(in). ‘J’his colnpams closely will) calc Lila-

l i o n s  of (lIc cfl’ccl  01 (Iopil):, fluctualioJls on Ibreshold  \oltage  of

+/-  !) lllv f’()~ ( ) , 6  /l It) dC\i(’CS [7].  ]iV:lllJ:lti J)~ tb(!  S[:IJN]ZIK] dC-

\’i:l[i Oll (~!’ V,l [it dif’[Cl’Cll(  J ;Kii:ltioll ICVCIS ShoWS th:lt it iS CSSCll  -

[ial]y umbangcd, l e a d i n g  (0 [be conclwsi(m  IImt tbc lbrcsbold
shifl al(cr irrtdialion  i s  iICAI-ly i d e n t i c a l  f’or a l l  thC tmnsistms

wi(hiil Iltc amy, :IIKI (b;t( Ihc s(atislical sjvca(]  in V .l  i s  unaf’-

I’cctcd  b) Aiation dntmiyc,

I \
10% Hole

Micron 3.3 ;~~;ing for
64MlJ

\ Gate Oxide
\

\
1.

Ii 20 3’0 :0 5’0 6C
Total Dose, krad (Si)

hIC(liilll [101 m,lli~c(l ]Ncnli(]l]  (imc vs. (Iosc f’ol- Scvclal
NOIc (hc dccIc;I\cd  II(IIC I[:lppil]g  itl(lica[c(l  by Icd(Iccd
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I;igulc 7 .  SNIJ[lIIcsht)ld CUIVCS I’(N (IIC I(iklh 3.(,V l)l{Akt {CS1
sllur(llrc..  ‘1’llr lillg,c(lis[[l[[ic)t]:l155  kltl(l(Si)  iscl Llct{Jflclcloxi(lc
k’:lhtl~c,

\IolI;IgcI csl)OIIsc.  ” A l l  thrt’c loMb(lcviccs  Iwvc  simil:lrslopcs,

:IIILI  comspond  10 :Ibo Lll Iocfi,  h o l e  ( r a p p i n g  for o x i d e  thick-

I) CSSCS of IS III]];  Ilw  low yicl(l 01”  Irap})cd  holes is  (lue 1 0  t h e

d i r e c t i o n  of lbc clcc[ric  ficl(l, ‘1’bc  tc.st strLIct LIrc resul(s

corrL)bor/Ilc” this it]lc]l>rc’(tllio]l. “1’hc 64 Mt>cl(’\’iccillsoexllit>it

0 sm(NJlh rt’gul:ir clmng,  c in mlcnl  ion Iil))c w i t h  totol (Iosc, but

(I1c  ]))ugl)i(udc  oftl)c cl I: II)gc  i s  l: Irgcr tb:III  I’ot (IIC 16 h~b dc-

viccs,

l;i.gurc’ 7 sbo\vs  ;I Sllblhlc’sho]d plot for a ICsl SIIWC[lI1’C  11”01)1

It)c  10  Mh 5 V/3.6 V IX’OCCSS. “Ill cclll”vcs bavc a  mlrly coll-

st:IIIt  s lope which shows tha( holctmps  dolninalc the response.

“1’hc  lwge inctwsc in sub(hrcshol(l cumnt [I( (k h i g h e s t  d o s e

01’55 krd(Si) is duclo field oxide  ]cakngc  in [he device.

0 . 4 ,  !,,,,,,  ,,, ,

..,81 , ! L  I I I I I
o lb 2’0 3’0 4 0 5’0 60

Total Dose, krad(Si)

l;i~urc~. 'l'tllc`SII()l[ i\'()ll:lgC tlll(l CIIillgL`  SCJ);llil(i()ll l()1"(llC  16 MI)3.6V
I) RAM  (CSI SII(IC(lIIC. N(J(c (hti[ (his (CS(  SIILICIUIC  cxbihi(s  typical
bcl};lviol  UII(ICI  [I)csccotl(liliolls”  I(N on rI-ch~IIIncl  h40Sdcvicc.

l’hc tcsl  Stl’LIL’((ll”L’ [1:1(;I  ofl~i:lll”c 7  call 1X USC(I  (() Cxtl”:lcl

the intcll’acc tro]l and  okidc Imp c o m p o n e n t s ”  oftk tbrcshold
shii’1. :is shown  ill l;iy, ulc 8. ‘1’bc inlcrf:wc lr:tp componctl( i s

:Il>lltoxilll:ltcly 10% of Ilw hole trap u)ntribulion (0 th resho ld

voltage shill. l;igurc X i\ a useful w:ly 10 compare  total d o s e

d:lmogc ot) scalcxl dc\iccs intct-na]  to 1)l<Ah4s  with the rmults

forothcl tcchnol(l:ics. Ilo\vcvct, IImthrcsbold \ollage in this

i'igLlte  c()rrcs]l()llcls t()lllc c()[)\cl)li()ll:ll  it}lcll)rcl:ltiotlof  tlllcsl)-”

old volt:lgcin  the sllon:  in\Jcrsior)  region (hi~h  drain  current).
A s  notmi  earl ier, opclati~)n  of’s l)RAhl ]xiss (ransistot corre-

sponds  II I(MC  c]oscly 10 ltw miclgap  region \vith currents below

101’A.

l\~. I) ISCUS$ION

‘1’CSI S(I’lIC[lII”CS  floll) fS~iC1’ol)’S ]6 h4b 5  V/~.6V  ])]<Ah’f

lillcmct, ill:i(li:ttc`(lLltl  (l(t\itti  (jLlslli;lsc ()llclili()tls: 3.3V, I. XV,

:ind Z,CILI volts. .Scpm; i(r samples wcie USC.(I  for c:lcb  bias cot]-

ditiotl, ‘J’hc I-V curves \4clc scpnraled  into ho]c  tr:[p  and inter-

f:lCC Ira}> COI1)])OIICII(S”  Ll\ill~  (hC subthwsbold Sk)])C lllCthO(i  [ I 1 ].

‘Iesl stILIctLIrc  da(a  w e r e  then Compat-d  wilt)  da[a  f r o m  fully

llltlc[ioll,l15V/3.OV” l(1h4t~hlicl-(~lll)l<Ah4s.

‘1’bc r e s u l t s  ()( tllcsc Icsts  [ttc showt~ in l;igules 9 :Ind

1 0 .  III lii:urc9, A VI I i s  p]()[tcd  for thlcc gate b i a s e s  a s  a

fLlnctiol) ofdosc.  N o t e  Ibc i n c r e a s i n g  slopcofAVIL” for in-

crc:tsin~  gate bias ‘1’hc l~[lgcit]ctc:iscit]AV1l a(55krad(Si)

in the 2 h4V/cm cLIr\’c  !csults from an erconcous interpreta-
tion  of ,IV1l brougbl on by the f i e l d  o x i d e  leakage smn in

l:igLlt’cs  7iil~(i 8:tt55ht:l(](Si).  l;igure loplotsAVc)l ut~dcl

tt]cs:itl~c:  g:ttcbi:ls col~[litiol]s. ” Undcrhigb liclclcot~(liti(~l~s,

nearly 100%” oi’ the holes :Ilc t r a p p e d .  Reducing the bias

cNuses ICSS cbatp,c  tt;lpping, :Is cxpcctc(i.
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I;igulc 9, Change ill vollog,r duc [0 intcrl’xc  std(cs (ol” the N4icmn
5v/j.ov I) RAM  lc\[ SIILICIUICS UI)(!CI  ~hlcC  g;IIc’ bj:lSCS.

‘1’hc  (ltIIII  in l:igurcs 9 at)d 1 ( )  arc in good gcncml agrcc-

menl with cstablislml (l:Ila  [ I 2- 14]. Tbcy  corroborate the as-

Slllllpti(lil (b:lt, :lt IC:IS(  h)] (bC plOCCSS \VhC1’C  tCSt S(l’llCtlll’CS wCK’

a\~aild>lc,  stnnll  sl)ifls it] tl)c Iht-esh  old vo l tage  01  intetmal ac-
cess  trat]sislors  drc Illc l~limary mccbdnism  101 changes in re-
tctltion lime. ‘1’llis is C; III bc  said because m Ihrcshold volt:lgc
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l;i~urc  IO. (’h:it)gc  in vollagc  duc (0 o x i d e  [rdppcd charge f’m (I)c
hlicr[m  5V/3.6V  l)l{Ahl (ml sIIuc(urcs  UIKI(V Ih!cc gwlc bia{cs. NOIC

III;II  [he  1.2hlV/cm CUI-VC is (I)c (ypic:tl  bim mndi(iw f’or (his dcvicc
undc[ m)! In:ll opcltltinx  conditions.

shif’(s ncgdlivcly while al the s:llllc (imc hccotlting Illotc Ic:lky.

‘1’hcy also dcn)onslralc the uscl’ulncss  of” rctcn(ion lime m a cli-

agnoslic l(x)l i’ot complex c i rcu i t s . Rctcn(ion-time mcasLirc-
mcn[s  fbr the othct 16 h4b I) I<AR4s degraded ill a very sinlilar

m:lnner,  :Lnd w e r e  cx)nsislcnt  with Ihr ho]c tmppiug cxpmlcd
f’ot- lhcsc  oxide lhickmxs undct the biils condit ions ptcsc]ll in

the l) I<Ah4 :IIr:iy during mmnal ()]m;lti()n.

AIIINJugh IcsLIl(s  l’or t h e  1 6  M b  dcviccs WCIC  c o n s i s t e n t

with the cxpcclcd tl)Icsl)ol(l  vollagc c h a n g e s  ii) occcss  transis-

tors, (his IIMy  1)01  iIlw:Iys  bc the case, because I)RAMs wc com-
plCX  cil-cuits, otllCl” f’llClol”S, SllCll ilS lCilkil~C in (IIC CilJ)i(Ci[olX,

d~gl”:l(lillioll of sense :Iluplif’icl”s, illld Iicld oxide inversion in

(~tbcl  c i r c u i t r y  within (I]c l)l{Ah4  ])]il~ iilso co]]tribu[c to tl)c

overall 11’sponsc of’tllcsc dcviccs,  :1S  WCII as dCg~il[l:llioll  Ofl]lol’c

glo[);Il  cij~.(li(ry,  SLICI1  :IS it)lcmal  SUpl)ly  \ro!li(~c SO II WCS 01 s~lh-

s(rale  him gct)ctalors, SOI)]C of” Ihesc  Illcchanislns C;ln bc d i s -

t inguished by tcs[ing I) RAh4s  undc] dij’1’crcn( biils con(li(ions,

I;OI  cA:III)plc,  sloring coIIIIJlcI~Ictll;Ily  in f’orlna(ion in cel ls \vill

CII:II):C  IIIC VollilgC  ilC1’OSS  lIIC ilCCCSS  tl’ill)Si S(ol’; [ h i s  alloWS C:l-

pi{ Cil(]l IC:lk:lgc. 10 bc distinguished fiol]l :Icccss Iransis[or lC:lk-

:Igc, pmvi(kd  o h i t  II);Ip  is ;Ivilil:lblc for (I)c l)l<AM ii~~~ly. ‘1’hc
Iclnpcmlurc scnsili\ity of” plL’- and JJos(-r<lcli:lliotl” rctcnlion time

IIlcdsLIIcl  Ilc II[s c:III  iilso b c  u s e d  1(J f’Lll[lmi  (Iis[inguish  bclwccn

col))])clin: f’uil Llw Il]cclmllistns  bL~CilUSC  (I)C lclllpcl’:ilurc (lCpCl]-
dCl)CC 01” 1111(’Shol(l  \’ollil~C  is WCII CSlilt)li  ShC(l,

]< CtCI)tiol)  tilllC 1)11’ilSlll”ClllCl)(S :IIC llSCf’11]  W i l y  to dCtCH)lillC

t h e  cf’lkul of” ioni~ing radi:ilion on the critici(l stomgc elctncnls

wilhin these  col))plcx (Icvicc$, i n  Illany  cn$cs they cat) hc usc(i

to indirectly tllcmulc Ibtcshold \wll:Igc changes in the wwcss

tl’ill)Si S[olX f’t”olll Cxlcl”tl:ll  circuit pims, ilS WCll :1s thC distribution
01’ lhrcsh(~ld v~)ll:lg.cs \vilhill \’cly large  cilcuit\, Re(en(ion  titnc

mcasurclnents  ctwngc  in :( stll(wth,  prcdiclablc way  with rwii~l-

tion at l{~w r a d i a t i o n  Icvcls,  and  C: III be  U S C(I m a pccumor of”

Solnc CI; ISSCS  o f ”  Idilurc IIlcch:inisms  :1S WCll :1S to Colllj)ill’C

l)l<Alvls f’mm  dif’lctcll[ ]]l:it]llf;lct~ltcls.

~k)lll]):ll’ill~  ()(]  ICI 1111 :lll)CtCll SllCh &S ]X)VK’1”  Sll})Jl]y Clll’lCllt

and functional o]wrali(m \\fith rc(cnt  ion (imc data allows changes

in the St{)l’{lgc :11’t;ly to bc distinguished f’rom  other f’ilillll~ modes.

I’hlls, if is  Vcl”y  LISCi’111 [Is a (Iid,gnos[ic 100.” lJOI” SCVCXI] o f ’  t h e
l) RAh4\, this c()]))]):I] is{)tl shoWC(l (t)ii( i]) CICiiscs in })OWCI  SLI})-

p ] y  CLIII(III  at low lr:idialion  ]CVCIS  WICIC  not c: LLIscd  b y  lcak:ige

c[]wct)t  ()]  ficl(l-oxidl”  in\)ctsion  in t h e  I)RAN4 amiy bccill]sc
(}1C rc(cntion l i m e  c o n t i n u e d  10 cxhibil Slllilll i n c r e m e n t a l

changes with radi:llioll well beyond  the corncl f’ur ]argc  incrc:lses

it] opcr:lling cuncrt(.

V. SUAIMAI<Y

loniz.in: radiatioti (Izi(;i bil\c been presented {or an dvancc(l
64 Mb 1 )1{Ah4 with a Icatulc size oi ().4 pm. Mcasutemcnts of

rclcl~tioli time slJo\vcd  [I){it the intcmal mmlory storage array

dc~,I i((lc,l in ii simil[tr t]):iI~I]c]  to th:it O f  ol(lcr lJl{Ah4s  w i t h

Idt-gcr Icalut-e  sizes, and Ib:lt increases in power supply cLImI)l

WCI’C  1)01  C: ILISCd by [)at]\is(ols  within t h e  ~lt]”ily.  Mcasurcmcnts

of’ Icst SIILICILIICS  f’I 011)  {I 16 Mb 1 )RAM process providul mom

dilcct Col’I’oho~iltioll of ’tl)c (IC})CI](ICI]CC  ofwtcntion time 01) Slllilll

(1]1’CSIIOIL1  Volt;tge shil’ls  i n  [Icccss llilllSi  Slol’S, and (lcll)ollsl~nlc

tbc llscf  Lllllcss of’ this circuit ic\’cl par;lnlctcl f’or (Iiilgnostic pur-
poses,

VI, 1)11) 1(’A’f I(IN

‘1’11(  f’ilst  illltll(~l’01’lllis ppcr dcdicalcs this work to ~;lifford

11, Strew who died 01) .luly 4, 1995. }lc \vas a father who showed

IIIC t h e  W:ly it) lif’C  illld  \\’tlo,  thl’(sllgb his tlllmol, plticncc /111(1

l o v e  sh(Iwcd  me \vhdt  il I)lcaos (()  live lif’c 10 its f’L]llcst.  llc w i l l

be ]cm(mbcrcd by In:IDy  w i t h  m u c h  f’on(lncss, }lc i s  m i s s e d

dc:ll’ly.

VJJ,  A(KNONII,  I IX; MI.NIS

T’h( iil]tho~s  ~, I~IIciLIlly  tl)~il~k  ill~d  [IckI)OWIC(l~C  M I .  S t e v e

1’OIICI  (II’ h4icton ‘1’cchn(~logies ]nc. fot- supplying process com

tlol motlitots ilt)(i ;i[l\iillcC(i I )I{AM siil])l)lcs. Without his SLIp

pol”[ thi\  Wol-k \l’olll(l  1101  ll:l~C  bCCl)  possib]c, W C  :11S[)  tllilllk

M i k e  Wricdcmall,  h4ikc () ’(’()111)()1,  :111(1  l)wiiyt~c l’a(lgct[  for SLIS-

tait)c(l tcchnicxl  suppo] 1 throughout the coLIrsc of’ this wok.

V!]] ]<1.11.IUN(’I.S
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l)i<qc.r/  {1/  Y?cillli[  [II l’IIpc  I.$  ,[1[,111 t / I t  I  99.5  IICI<I<  11//1,/tf<lli[,ll</l  .Yo[i[l-

S/~1/c Cl)[{li[.,  Co/ifiwII~r,  v{)]. 38,  p .  2 5 2 ,  l~chImaI-y  1 7 ,  1995,

12]  ’I’. Su:ihdymhi,cl. al, “A 1 [it> l)I{AM for I;ilc A[~l~lic:l[i~][ls,’’ /)igc~.~/
[)/” 7@c/)t]i((//  /’[l/)c  I,J ,fr[ItII //It 1995 Il!l<l:  IIjl(,ttlc)[ic)lj[jl  .Yo/i(/-,Yl[j!c  Cir-

[;f{ifs  C~JI~f2wlICc,  vol.  38, p .  254, l;cbnlary  17, 1995.

[3 I 1).C’ St];l~, (i h4, Swif’[, 1). J. l’adgc([,  :Ind A.t  1, Johnston, “lWlia-
(i(m Iilt’(c[s  in I;i\c Volt al)tl AdvtIIKcd Ix)\\Ici  Vo[[agc I) RAh4s,’’//;/.’L.’
7k~llJ,$. A’[fc/, .Yci.,  ~S-4 I , ?452 ( 1 994).



14] ‘1’.1< 01(111:11)1, K. W.  IICIIIIC1[, J.  IlcilUC()[ll,  ‘ 1 ’ ,  C’illliCIC, [’. l’(ll\C~,
[111(1  l). (~illlli  C1. “’IWI1  Ihc l::ii]uics in AdviImT(l lilcc(mt)ics  f’1-om
Singtc ions,”  ///;/ 7;,//t\. NfK/.  .$ci., NS-40,  I 236  (1 993).

IS] C’.  I) LII(,LII,  1) ,  (;:llnicj,  ‘1’ ,  [’:tlj  iclc,  :Itld  J. IIc;l[lcout,  “i Ic:ivy  ILlll

Induced Single I I:IILI  IiIIOIs (III  Sul>n]icl{mic  h4cmotics,”  //.’/.’/;  7i[/lif.

N[wl.  ,Wi,,  NS:].8.  1693 (  1992).

16] {;. M. Swill. 1). J .  I’dgc[[,  d A.]], Johns[on, “ A  New (’1;1ss of
Si[]glc I.\Jcm I I;II{I I,IIOIS,  ”” //;/;/; 7/(/I/.\. N/{(/, .S(;., NS-41., 2043 (1994).

[71 K. Nisl]ill(,ll~!r:l, N. Sl]ig,y(,  :IIICI  ‘i’. W;IdiI, “ I i l l ’ee l s  ol Microscopic

l;luc[u;llions i]]  l)opiIIl[ [)is[lit)ulion~ (JI1 ‘1’hlcshol(l Vol12gc,’”  /1;1(11

7;,/,1.\. /:/((/. /),)., !il)-3?, 034 ( 1 992)

]s] I loll-sulll  W(]llg :11)[1  Yudll ‘I’m!’, “’I’lllc(-l)i  t]]cllsi(~l~:ll  ‘A(omis[ic”
Simultllion (I1 [)isclc(c l{:lnd(~lll  I)optlnl I)islrib[l(iol] }ill’cc[s in
sill>-{). I pm Mos14.’lk,’” /$)f).] }///~>))]rJ//rJ//~//  )j/cc/1,~// ))cl,i~c! L7CC/iJl,?,
705 ( 1993).

[91 l’. S. WimKut,  l;. W. SCXt(~t],  (;. 1,. I last), :ItId 1). {. ‘1’uq>in, “’lt)(ill

[hsc l;:liluw hlcclulnisms of Inlcgralc(t [’ilcuils  in l.abol-ti[oty and

SpiIcL-  lll]\,iIol)l)l(llls,’” //;/.’/’:  7)(/n.\. N/f(/ s, i.,  NS-34, I 448 ( I 987),

110]  ‘l’. l’. hltl :II~ct l’. V. I)lc.sscl)<lo!  IC I, l~,lii:ili<q  R~/[/i(//i~,//  }{//[< /., i,l

AI().S Ikl’irc.f  ~1/Id Cin{/i/\,  JOI)II Wiley, NY, 1989,

[ 1 I ] l’. S. Winc]kur, J. l{. SclI\v:ItI!i, l’. J. h4cWlw[cr,  l’. V, [)t-csscndor[c!,
;Illtl l), (’. ‘I’u! pin, “{’(~lt(,laling  [Ilc Rildi;l(i(,ll  I<csp(lllsc  01 N4[)S C:t-
p:lci((]rs  and  ‘1’r:tmsislors, “ //;/;/; 7)(///.s.  Nw/.  ,Sci.,  NS - ~1., 1453 ( 1984),

I 121 }’, V+. Scx[(m  dnd  J .  1{, Sc’tlwotlk, “(’01 rcl;ll ion of Radialion  Iil-

ikc(s in ‘1’lmsis((ws ill)d lo[c~l:llcd  (~itcuils,” 11(1<1<  71amY.  NIwI. .W,

NS-32, 397s (19s5).

[ 131 l). N4. I;lcc(w(md,  1], S. Wioolur.  ,IIId 1,. (’. Ric\\c,  “An lmpI-o\cc{
SlOmliINl ‘1’0[01  I)msc ‘Ibsl Iol (’NIOS Sp;Icc Ilccllonics,” //;/;/; 7k(/mi.
A//f(/. ,’i~i. , NS-3(1,  19(,3  ( I 9X9).

1141  (’. h4. I)o?icr,  l). B, Brown, R. K. I;lci[:lg.  and J, 1. “1’t~rockll~ol[ot~,
“~J~C 0!’ (}IC sUb[hL’Sll{)kl  }\ Ch2Vi(W  [()  [’(lllllMIC’  ~-]<{ly  :Ild  (:0-6[)


